Large-artery stiffness is a risk factor for stroke, including cerebral small-vessel disease. Retinal microvascular changes are thought to mirror those in cerebral microvessels. We investigated the relationship between aortic stiffness and retinal microvascular changes in Asian ischemic stroke patients. We studied 145 acute ischemic stroke patients in Singapore who had aortic stiffness measurements using carotid-femoral pulse wave velocity (cPWV). Retinal photographs were assessed for retinal microvessel caliber and qualitative signs of focal arteriolar narrowing, arteriovenous nicking and enhanced arteriolar light reflex. Aortic stiffening was associated with retinal arteriolar changes. Retinal arteriolar caliber decreased with increasing cPWV (r ¼ À0.207, P ¼ 0.014).
Introduction
Large-artery stiffness is a recognized vascular risk factor [1] [2] [3] that predicts stroke and cardiovascular mortality. 4 There is now established evidence that aortic stiffness increases with aging and prolonged elevation of blood pressure, 5 and is the underlying pathology of isolated systolic hypertension. 6 Aortic stiffness is closely associated with cerebral large-arterial disease involving the extracranial internal carotid [7] [8] [9] and intracranial large arteries. 10 It is not possible to study the direct association of aortic stiffness with changes in cerebral microvessels, which cannot be routinely assessed with current imaging technology.
The retinal microvasculature has been proposed as a surrogate for small cerebral vessels in view of their common embryonic origin, supply from the internal carotid artery and similar size. 11, 12 Retinal arteriolar narrowing has been shown to be related to past blood pressure, and future risk of hypertension [13] [14] [15] and stroke. 16, 17 Abnormalities in the retinal microvasculature are also more frequent among patients with lacunar stroke compared with other ischemic stroke subtypes. 18 There are only a few studies showing possible relationship between large-artery stiffness and retinal microvascular changes, and most have been conducted in generally healthy white and black populations. These studies have reported that large-artery stiffening is associated with retinal arteriolar narrowing, suggesting a potential relationship between large-artery stiffness and small-cerebral vessel disease. [19] [20] [21] However, any associations between arterial stiffness and the retinal vasculature have not been studied in terms of abnormalities of the retinal arteriolar wall, in patients with acute symptomatic cerebrovascular disease, nor using the gold standard aortic stiffness measurement of carotid-femoral pulse wave velocity (cPWV). 22 Our aim was to investigate the relationship of cPWV with retinal microvessel luminal caliber as well as retinal arteriolar wall changes in a cohort of Asian patients with acute ischemic stroke.
Materials and methods

Study population
The Multi-Centre Retinal Stroke study is a prospective observational study of acute stroke patients, described in detail elsewhere. 18, 23, 24 In brief, we recruited patients within 7 days of onset of a first-ever or recurrent stroke from three major centers (Singapore, Melbourne and Sydney) between 2005 and 2007. A substudy was carried out at the Singapore center from August 2005 to April 2007 in which aortic stiffness measurements were performed. For the current analyses, we have included patients with an ischemic stroke etiology, who were able to tolerate retinal photography in a sitting position and who also agreed to arterial stiffness measurements. Informed consent was obtained from the patient or next of kin. This research was approved by the Institutional Review Board of the Singapore General Hospital.
We documented demographic data and vascular risk factor profiles. Hypertension was defined on the basis of prior diagnosis, use of anti-hypertensive medications or as defined by the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure guidelines. 25 Diabetes was defined on the basis of prior diagnosis, use of hypoglycemic agents/insulin or as defined by World Health Organization criteria. 26 The admission National Institutes of Health Stroke Scale score 27 was recorded. Stroke was subtyped using a pragmatic modification of the Trial of Org 10172 in Acute Stroke Treatment (TOAST) classification used in the Greater Metropolitan Clinical Taskforce for Stroke in New South Wales, Australia. 23, 28 All patients had brain imaging with either computed tomography or magnetic resonance imaging. Those with anterior circulation infarction had carotid ultrasound. Intracranial arteries were assessed with magnetic resonance angiography or transcranial Doppler for most cases. Baseline electrocardiogram was performed for all patients, with echocardiography and Holter being performed as clinically indicated. Other investigations were performed as deemed clinically pertinent by the attending neurologist.
Arterial stiffness measurements
Measurements of blood pressure and aortic stiffness were performed under standardized conditions by trained investigators masked to clinical and retinal data. These measurements were conducted between the second and fourth days of hospital admission. Patients were initially rested for at least 10 min in a recumbent position. Resting brachial blood pressure was measured three times using a Dinamap Pro-100 monitor (Critikon, Tampa, FL, USA). Simultaneous recordings of arterial waveforms of the right carotid and femoral arteries were performed using penciltype applanation tonometers connected to a highfidelity strain-gauge transducer (SPT-301, TCB-600, Millar Instruments, Houston, TX, USA). The cPWV was calculated as transit distance (suprasternal notch to femoral artery minus carotid location to suprasternal notch) divided by transit time (difference between arrivals of the foot of the pressure pulse wave at both sites). Waveforms were acquired and analyzed by purpose-written computer programs. 29 Mean values of up to 10 waveform sets were used. The carotid blood pressure waveform was calibrated assuming equivalence between mean and diastolic pressures at the brachial and carotid sites. 30 Retinal microvascular analysis Retinal photographs were taken of each eye using a high-resolution digital camera according to a standardized protocol. 23 Both quantitative and qualitative retinal grading were conducted centrally by trained graders masked to clinical and stiffness data. The calibers of retinal arterioles and venules passing through a zone between 0.5 and 1.0 disc diameters from the optic disc margin were measured using a validated computer-assisted method (IVAN, University of Wisconsin-Madison, Madison, WI, USA), described previously in detail.
31 These measurements were then summarized using the Parr-Hubbard formula, 32 modified by Knudtson 31 to compute the central retinal artery equivalent (CRAE) and the central retinal vein equivalent (CRVE), representing the average internal caliber of retinal arterioles and venules, respectively. Intragrader reliability was high, with intraclass correlation coefficients 0.99 and 0.94 for CRAE and CRVE, respectively. 31 Generalized arteriolar narrowing was defined as the lowest tertile of CRAE. The arteriovenous ratio (AVR) was computed as the quotient of CRAE over CRVE. 31 We also assessed the presence of focal arteriolar narrowing, arteriovenous nicking and enhanced arteriolar wall light reflex in comparison with standard photographs following Blue Mountains Eye Study protocols. 18, 24 Focal arteriolar narrowing could be assessed in 132 patients, arteriovenous nicking in 134, enhanced arteriolar light reflex in 130 and CRAE/CRVE in 141 patients.
Statistical analysis
Differences between patients with and without retinal signs were analyzed using Student's t-test for continuous variables and the Pearson w 2 test for categorical variables. Binary logistic regression was performed to determine the relationship of cPWV with categorical retinal signs and generalized arteriolar narrowing while adjusting for potential covariates (Model 1: age and gender; Model 2: age, gender, hypertension and diabetes; and Model 3: age, gender, hypertension, diabetes, mean arterial pressure (MAP) and classification as small vessel stroke). Odds ratios (ORs) and 95% confidence intervals (CIs) are reported. Linear regression was done to determine the relationship between cPWV and AVR, using the same regression models.
Results
Among the 631 acute ischemic stroke patients recruited to the Singapore General Hospital as part of the MCRS study, retinal photography was adequate in 610 (97%) of whom 145 (24%) also agreed to have aortic stiffness measurements. The baseline characteristics of the 145 patients included in the aortic stiffness study cohort were similar in terms of age (P ¼ 0.159), gender (P ¼ 0.320), prevalence of hypertension (P ¼ 0.955), diabetes (P ¼ 0.775) and smoking (P ¼ 0.110) to the 486 patients who were not included because arterial stiffness measurement was not performed or because retinal photographs were ungradable (Table 1) . Patients included in the study were more likely to have small-vessel stroke (52% vs 41%, Po0.001), less likely to have cardioembolic stroke (5% vs 13%, Po0.001) and were less likely to have atrial fibrillation (2% vs 6%, P ¼ 0.051). Among the 145 patients, mean cPWV was 11.3±3.0 m s À1 (range 5.7-19.7), mean MAP 107±21 mm Hg (range 67-182), mean CRAE 131± 14 mm (range 92-166 mm) and mean CRVE 216 ± 21 mm (range 153-278 mm).
Higher cPWV correlated with increasing age (r ¼ 0.468, Po0.001), increasing MAP (r ¼ 0.315, Po0.001) and decreasing CRAE (r ¼ À0.207, P ¼ 0.014). Mean cPWV was also higher in patients with generalized arteriolar narrowing (P ¼ 0.003), focal arteriolar narrowing (P ¼ 0.010) and arteriovenous nicking (P ¼ 0.004) ( Table 2 ). There was no correlation between cPWV and CRVE (r ¼ À0.011, P ¼ 0.893) as well as AVR (r ¼ 0.011, P ¼ 0.138). TOAST stroke subtype distribution did not vary significantly between patients with and without retinal microvascular changes. However, there was a trend for a higher proportion of patients with generalized arteriolar narrowing to have smallvessel stroke compared with those without generalized arteriolar narrowing (P ¼ 0.152).
The OR for arteriolar narrowing, both generalized and focal, was higher among subjects with cPWV in the second, third and fourth quartiles compared with the first quartile (Table 3) . After adjusting for age, gender, hypertension, diabetes, MAP and classification as small-vessel stroke (Table 3) , patients with cPWV in the highest quartile had increased likelihood of having generalized arteriolar narrowing (OR 6.84, P ¼ 0.015), focal arteriolar narrowing (OR 13.85, P ¼ 0.011), arteriovenous nicking (OR 5.08, P ¼ 0.035) and enhanced arteriolar light reflex (OR 3.83, P ¼ 0.071), compared with those with cPWV in the lowest quartile.
In the subgroup of patients with small-vessel stroke, per s.d. increase in cPWV, the OR for arteriovenous nicking was statistically significant, with a trend for focal arteriolar narrowing, after adjustment for age, gender, hypertension, diabetes and MAP (Table 4 ). For the subgroup of patients with large-vessel stroke, per s.d. increase in cPWV, the OR for generalized arteriolar narrowing had very wide CI, though it was significant even after adjustment for age, gender, hypertension, diabetes and MAP. The OR for focal arteriolar narrowing was not significant in multivariate analyses. This study was underpowered to investigate the associations of retinal microvascular signs and cPWV for patients with cardioembolic strokes.
Discussion
In this study of Asian symptomatic ischemic stroke patients, we show novel findings that aortic stiffness is related to arteriolosclerotic changes (generalized and focal arteriolar narrowing, arteriovenous nicking and enhanced arteriolar light reflex) of the retinal vasculature, independent of age, gender, hypertension, diabetes, MAP and classification as small-vessel stroke. This is consistent with previous findings from largely healthy white and black populations measuring large-artery stiffness with radial artery pulse contour analysis, 19 and reduced aortic distensibility on chest magnetic resonance imaging 21 and high-resolution echo tracking. 20 Our findings show that large-artery stiffness continues to be associated with small-vessel disease among patients with symptomatic vascular disease.
Aortic stiffness is known to vary between stroke subtypes. Our group has previously shown that patients with small-vessel stroke have lower cPWV compared with those with other stroke subtypes. 33 This study confirms the independent associations between retinal microvascular signs and aortic stiffening among patients with small-vessel stroke. However, it is uncertain whether these associations hold true for other stroke subtypes and should be verified in future studies.
Our data show that acute ischemic stroke patients with large-artery stiffening have concomitant retinal small-artery disease evidenced by retinal arteriolar luminal narrowing and arteriolosclerosis. Based on the hypothesis that changes in the cerebral and retinal microvasculature parallel each other, aortic stiffening may be associated with similar changes of narrowing and wall thickening in the cerebral microvessels. 3 Thus, we postulate that stroke risk related to aortic stiffness may be due, at least in part, to small-artery disease in the brain.
Our finding that CRAE, but not AVR, is independently associated with aortic stiffness supports the superiority of using individual CRAE and CRVE measures over AVR, as described previously. 13 As this study was cross-sectional, the temporal sequence of large-artery stiffening and changes in the retinal microvasculature cannot be established. It is possible that these observations may be explained by common risk factors predisposing to large-and small-vessel disease. However in our study, these associations were independent of age and hypertension, which are the two major risk factors for large-artery stiffening. 5 Although it is unlikely that retinal microvascular changes influence aortic stiffness, it is plausible that large-artery stiffening may lead to or parallel arteriolar narrowing in the microvasculature of both the retina and the brain. Cheung et al. 19 postulated that arteriolosclerosis could mediate the effects of arterial stiffness on retinal arteriolar narrowing. Our finding that aortic stiffening was associated with generalized and focal arteriolar narrowing, arteriovenous nicking and enhanced arteriolar light reflex, all manifestations of arteriolosclerosis, 34, 35 supports this hypothesis. The effects of arterial stiffening on the cerebral and retinal microcirculation may be mediated by increased pulsatility. 36 Aortic stiffening is known to be associated with changes in blood pressure waveform propagation resulting in increased central blood pressure, particularly increased central pulse pressure. 37 This increased pressure transmission to small vessels in the brain may be the underlying pathophysiology of the observed increased risk of stroke with increased aortic stiffness. If confirmed in serial studies, prevention and reduction of aortic stiffening may be a viable novel treatment to reduce the risk of small-vessel stroke. Longitudinal studies would be needed to confirm the pathophysiological mechanisms linking large-artery stiffness and small-artery changes, and provide insights into potential novel treatment attenuating aortic stiffening to decrease the risk of small-artery stroke. Comparing the associations of aortic stiffness with retinal changes between stroke patients and healthy cohorts is another potential area for future study, which would provide further insights.
To our knowledge, this is the first study to have investigated the associations of aortic stiffness and retinal vessel changes in acute stroke patients and among ethnic Asians. We studied retinal microvascular features other than caliber measurements. Aortic stiffness was measured by cPWV using applanation tonometry, which is considered the gold standard measurement of large-artery stiffness. 22 This study's findings may not be applicable to patients with severe strokes and vascular-disease burden, as we did not include patients who were unable to tolerate retinal photography. However, there were no significant differences in the demographic and risk factor profiles between patients who were included or excluded from these analyses, except for the lower frequency of atrial fibrillation, higher proportion of small-vessel stroke and a lower proportion of patients with cardioembolic stroke included in the study. In this study of Asian ischemic stroke patients with predominantly small-vessel disease, aortic stiffening was associated with retinal changes of luminal arteriolar narrowing and arteriolosclerosis, which may be mirrored in the cerebral microvasculature.
